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conRosicH;  i 

i:;v:::3TiGATiaj  of  tks  heat/iSsiStance  akd  STOUCTuiii';  of  a  ijutEm  of 

ALLOYS,  REUTire  TO  THKIR  COMPOSITIONS 

by 


J.D.CV^rtsriken,  I.Ya.Dekhtyar,  L.M.Kurnok 

Tr'.'.:  ill  at-ri'.-iistaat  raterials  of  today  consist  of  alJoys  basoci  on  a  transition 
'Toi’.p  1-’!  M(;ndf;lr.y<?v’:j  periodic  system.  The  introduction  of  various  ;illoyln,t;  clement.;, 
even  in  quantities,  has  a  significant  effect  upon  the  he.at  resistance  of  .stool. 

Ther.;fci'(  ,  'S:v':  h'.at-rcsistant  alloys  employed  are  to  a  considerable  degree  exceedingly 
complex  in  rhoiih  ca.l  compo.si  tions .  Usually  UlC  pha.so  equilibrium  is  achieved  only  after 
a  veT'p  long  period  of  holding  in  this  type  of  alloy  even  a:  high  temperatures. 


Tabic  1 


a)  .Mloy  number;  b)  Content  of  elc.ments, 


Triis  circumstance  is  due  to  the  extreme  slowness  of  diffusion  p>rooe.';3es.  At 

operatin,:  teipnorature.n,  th.:  properties  of  those  alloys  change  constantly  .no  a  consequence 

'y)" 

variat.ion  in  their  ph-as'-  composition  and  the  structural  componi.'nts  of  tho  individual 
components.  Therefore,  before  testing  the  mechanical  properties  of  modernalloys  designed 

i  ^  i.'=  : 
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for  service  -onder  high  temperatures,  it  is  necessary  to  study  the  phase  composition  a 

i 

i  - 

kinetics  of  such  alloys  under  various  conditions,  XXJiXpfgKSKX 

The  present  paper  is  devoted  to  a  search  for  new  heat-resistant  alloj-s  based  on 
iron  .'ind  suited  to  long-term  service  at  elevated  temperatures  as  gas-turbine  Darts. 

Allays  (ingots  of  0.3  -  0.5  kg)  were  prepared  JCC  in  an  argon  atmosphere  in  a 
'.ngh-f requency  vacuum  furnace,  pure  metals,  whose  composition  is  pros  -nted  in  Table  i 


hav  i  ng-been  -used-,- 

homogonizing 

The  alJoys  melted  wore  subjected  to  an  anneal  at  l.-OO'^’  for  50  hrs, 

and  wore  quenched  in  'water  from  that  temperature.  Th(.‘y  vicre  then  forged  and  rolled 
to  5  -  (>  ‘tv.  in  the  950  -  1050°  temperature  interval. 

Investigations  of  the  microstructure  of  the  quenched  specimens  showed  that  alloys 
hos.l  -  5  containing  5'.w  A!!  constituted  a  two-phase  solid  solution  of  the  ferritic  - 
austenitic  typ.'-.  The  phase  ratio  in  those  alloys  varied,  and  alloys  .'Jos. 6  -  19 


constituted  X  si.ngle-phase  solid  alloys  of  tho  ferritic  tjqje. 
Corrosion) 

A  Study  of  Ugat,rJe3istance  and  VJeldabili.ty  of  Alloys 


Invn.st.irat  i 0:1  of  the  h-eat  resistance  of  tho  alloys  raade  use  of  flat  specimens  with 

were  vertically 

;  rouiin  s!irfaces.  The  speci.mens/f irst  iweighed  and  .su.spendod/from  a  i&XXKKiS  miehrcime  vd,re 
in  a  ^rs  furnace  and,  after  heating,  were  cooled  along  with  the  furnace.  Tliey  were 
theh  weighed  on  microanalytical  s-aalfts-  with  an  accuracy  of  *1.25  gm.  The  degree 

4> 

of  heat  resistance  was  determined  from  weight  gain. 


The  investigations  were  run  at  a  teraperatui*e  of  ICXJ'O®.  The  results  obtained  for 
the  index  of  corrosion  resistance  are  presented  in  Fig.l.  As  we  see,  the  heat  resistance 
of  t'.wo  ferri te-a’jstenite  alloys  Nos.l  -  h  is  considerably  less  than  that  of  the  single¬ 


phase  ferritic  alloys  Nos, 6  -  11.  At  tho  outset  oxidation  goes  somewhat  more  rapidly, 

! 

but  thereafter  its  speed  remains  virtually! unchange{j.  Both  in  the  single-phase  ferritic 
MCfi-1026/1  1^ 


rolJcd  ala'js  2  -  5  thick,  25  -  40  mm  wide,  and  70  to  ICO  -  120  mm  long#.  The 

weldabi.lity  teoto  provid'-'d  for  fusing  boeds  to  tho  surfaces  of  the  plates  and  making 

SJtiKXjiiifi'X  one-  and  tv;o-  tee-joint  fillet  welds  (the  tecs  were  made  only  of  plates  of 

4  -  5  m  thickness).  The  fusing  of  the  beads  and  vrelding  of  the  tees  v/cre  performed 

by  inert  ras  shielded  wel<ling  using  a  nonconsumaole  electrode  T-dthout  filler  material. 

/ 

The  electrode  v;as  tungsten,  1,7  -  2  mm  in  diameter,  and  the  gas  was  pure  argon. 

As  a  result  of  the  preliminary  weldability  tests  it  may  be  held  that  alloys 
Nos.  12,  13,  and  14,  containing  approximately  2^  Si,  yjh  lih,  and  '}%  A1  weld  well  and  better 
than  any. of  the  other  test  alloys.  Further  investigations  were  performed  with  alloys 

#rne  weldability  tests  were  performed  by  D.'I.Hedovar,  senior  research  assistant  at  the 
Ye.O.Paton  Electric  '.-.'elding  Institute  of  the  Ukrainian  Academy  of  Sciences. 
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f.'os.ir:,  12,  and  14,  whose;  resistance  was  studied  at  temperatut-ea  of  SiOO,  900,  and 
1000'’.  Moreover,  an  investigation  was  made  of  the  heat  resistance  of  alloy  f.'o.lf 
at  IfCO'’  for  100  hrs  and  of  alloy  EI435.  The  results  obtained  (Fig.2a,b,c)  shov;  tiiat 
the  rate  of  oxidation  of  alloy  !Jo,12,  which  is  1.01  gm/ir.^/hr.is  significantly  loL;;i 

p 

t;tan  the  rate  of  oxidation  of  alloy  ?,lk35,  which  is  l.a?  gtr/m ’/hr. 

At  iiigh  temperatures,  a  thin,  strong  and  dense  film  of  oxide  forms  on  the  s-irlacc 
of  tee  specimen.  It,  JjSKK  like  the  metal,  undergoes  oxidation,  and  constitutes  .. 
solid  solution  of  oxides  of  aluniinum,  iron,  and  chromium.  The  fa'’.t  that?  ^eat 
resistar.ee  is  lower  at  '100°  than  at  1000°  may  be  explained  by  the  fact  that  at  900°, 
the  allo;-s  studied  consist  of  a  irdxt’jre  of  two  phases,  “  and  Y,  whereas  at  lOCO'’  they 
co.nsist  of  a  single-phase  y-solid  solution. 


If  the  data  cn  the  heat  resistance  of  these  alloys  cC\  be  compared  with  that  of 
ether  Imown  iron-base  alloys  employed  as  heat-rosista.nt  material,  .".1435  Ter  cxanplcj, 
their  ’ra;at  rosistanco  nroves  to  bt;  higher:  the  vreight  gain  of  1.1435  nt.  1000  in  100  his 
's  C./-  ri:!/m'°/hr,  wher-.as  the  gain  in  the  .alloys  under  invosti.gation  is  0.?  gm/m"/br 
(Eibl.l). 

Moreover,  ferrit'.;  alloys  lies. 633  add  7C4,  whose  cc.mpositiuu  .ta  rrese.ntea  in  iaoic  y 
Were  studied  for  heat  resistance  and  heat  corrosion  resistance. 


Table  2 


a)  .Alloy  number;  b)  Content  of  elements  in  wt.,.. 


0  re.sults  of  the  investigations:  for  heat  corrosion  resistance  performed  at 


'0,  1100,  and  1200°,  ai-e  presented  lii  Table  3. 

.  i  '  .  i  M  . 


hrs 


-  Change  in  V/eight  Gain  Relative  to  Holding  Time 
sm.m  at  1000  (a),  900  (b),  and  800°  (c) 
of  the  Following  Alloys : 

1  -  No. 12;  2  -  No. 13;  3  -  Mo.L'+ 


a;  .illoy  number;  b)  Temperature,  ®C;  c)  Area,  cm^;  d)  Duration  of  teat,  hrs 


.•es  v.'e  see,  oxidaticr'i  roes  aortewhat  more  rapidly  at  the  outset,  but  then  its  speed 
beeori's  aiiTrc;-: irriatcly  idiaitinaJ-  throughout. 

ks  a  !'.rS)ij.t  cf  oxidation,  a  dense  film  of  silvery  oxides  appears  on  the  sample, 
li  Is  o':  vic’js  'fnat  those  are  chiefly  alumintJm  ana  chromium  oxides.  If  we 

co'-paro  siiose  lIIovs  to  cn'-vr  iron-'oasr:  alloys  it  will  be  found  that  their  heat 
cC'r:-o:;.j.on  I'osistanoe  is  higher.  Thus,  for  example,  (Bibl.l)  shows  the  vreight  gain 
of  chrond'.irn-nicko] -molyb.'ion-ir.  heat  resistant  steel  Khl6M26Gl  and  .5S1M6  to  be  0.2  gm/m2/h 
at  dOO^,  v.fheroas  -with  the  alloys  under  consideration” it  is  0.06  gm/m-/h:r  at  1100°.  At 
IfCC'O  alloy  Wo. 633  performs  better  than  talloy  No. 704  and  better  than  a  heat  corrosion 
resistant  alloy  of  approximately  the  same  chromium  and  aluminum  content,  described  in 
(Bibl.2). 

Stress-rupture  strength  was  investigated  for  alloys  Nos. 633  a-nd  YOU.  The  tests 

These  specimens, 

were  r’ln  on  a  tensile  testing  machine.  ’  having  first  been  subjected  to 

heat  treatment,  were  gripped  in  the  clamps  used  for  that  purpose,  the  bottom  door  of 
the  furnace  was  closed,  and  the  furnace  was  slowly  brought  to  a  desired  temperature. 

— '  i 

Then,  after  holding  for  iO  min,  the  specimens  were  placed  under  load  J£M  and  tested  to 

'4'  ..  1 

*  • 

.  •  I 

rupture.  |  * 

I  -  ■  :  rii  ■  — 

The  specimens  studied  had  been  quenched  from  120O®j and  aged  at  100°  for  2,  k, 


anri  6  hrs.  Alloy  No, 7a  was  tested  at  700,  760,  ?and  800°,  andj  under  a  load  of 

I 

lj.6  kr/mm^-.  As  quenching  temperature  was  increased,  the  stress-rupture  strength  of 

I  ‘ 

tne  alloy  rose  considerably,  './ith  increase  in  aging  time,  the-  stress-rupture  strength 
rises,  achieving  a  imiximum  at  4  hrs  of  aging. (at  800°),  whereas  it  drops  if  aging  is 
continued  f\irthf‘r.  ; 

lb 

i.'iion  test  temperature  is  reduced  from  800  to  760°,  the  stress-rupture  characteristics 
impi'ove  to  an  insignificant  degree,  but  diminish  sharply  with  further  reduction  in 
-■  fvlcc  temperaituro.  It  ;ray  be  .stated  that  700°  is  the  optimum  service  temperature 
for  this  alloy. 

V.’hen  No. 633  alloy  was  tested,  specimens  quenched  from  1200°  and  aged  at  800°  for 
various  periods  of  time  wore  erapdoysd.  A  rationalHXi  heat  treatment  for  this  alloy 
is  quenching  from  1200°  v/ith  holding  for  10  hrs  and  aging  at  800°  for  9-10  hrs. 

have  detorminod  the  relationship  between  the  stress-rupture  characteristics  of 


at  ,9 

*'cj.b33  ciiloy  W  temporat'ire  constant  stress  of  o  “  12  kg/min^,  and  KX  relative 

f 

to  JtXXilUiiBr  stress  applied  at  a  constant  temperature  of  760°.'  Above  a  test  temperature 

''lit 

of  750  -  ^760°,  the  strength  of  the  alloy  drops  sharply,  exponentially.  Heat  resistance 

is  highly  dependent  upon  the  stress  applied.  If  at  o  =  15  kg/mm^j  the  stress-rupture 

1 

i 

characteristic  is  25  hrs,  an  increase  in  the  load  to  o  =  19  kg’/mra^  diminished  it  to 

t 

li  hrs  5  min,  i 

i 

A  comparison  of  the  results  with  the  experimental  ferritic  alloy  No. 633  and  an 

I 

aiisteniticBI  of  type  14-4,  containing  0.22^  carbon  quenched  from  1200®  shows  that  at 

a  service  temperature  of  700°  and  a  lo-ad  of  o  -  10  kg/mm^,  the  stress-rupture 

i 

I  -  ■ 

characteristic  of  an  austenitic  alloy  is  approximately  250  hrs»,  while  that  of  the  * 

•  (o  “  12  kg/mn^ 

ferritic  alloy  at  the  same  temperature  and  load  of  as  '-3600  hrs. 


Copy 
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X-Ray  Structural  Gtudlea 

structural  analysis  v/as  performed  in  ahroira''am  radiation  and  RKD-l?  D.  bv'; 
cam.;ras.  The  mean -parameters  o£^aS /lattice')  after  various  aging  periods  at  8GG'-  ar-.- 
presented  in  Tables  h  -  6. 

Table  4 


a)  Aging  time,  hrs;  b)  Lattice  parameter,  KX;  o)  Alloy  IIo.l;  d)  Alloy 

■5 )  Quenched 


As  is  evident  from  Table  4,  the  lattice  parameter  of  the  alloys  diminishoo  as 

then 

aging  time  increases,  increc'es  somewhat  in  the  6  -  30  hr  range,  and/again  diminishes 
(in  the  case  ci‘  alloy  i'o.l),  rho  reduction  in  the  lattice  paraaieter  obviously  relates 


OAl 


to  the  separation  of  excess  phases,  and ^inorease^f  therein  relates  to^dissolution  thoreeP' 
Dissolution  is  confirnod  by  study  of  the  microstructure.  An  uneven  etchability  cf 
various  xorics  of  the  grain,  i.c,,  a  process  whereby  the  grain  b-i'Cemes  nonuniform  in 


composition  in  the  aging  process,  is  observed.  The  x-ray  data  also  testified  to  the 

Cl/ 

fact  that  wren  aging  occurs  at  constant  temperature,  Uie-  continuous  exchange  of 
clement:;  between  the  solid  solution  and  the  secondary  phases  occurs. 

hnny  supplementary  lines  may  be  seen  in  the  radiographs  of  alloys  Nos.l  and  2. 
After  a  special  analysis  of  the  eeparated  phases  was  performed,  it  was  found  that,  in 
the  case  of  alloy  Mo.l,  these  linos  b:long  to  the  separated  carbide  phase  EHi^  ^’’25*^6' 

d 

} 

i  - 

whereas  for  alloy  Ko.2,  both  of  them  KXteKKjf  belong  to  the  O-phase  (as  is  confirmed 


by  X  comparison  'S*' a  radi^raph  obtained  from  the  pure  phase),  while  the  remainder 


tK 


^elongs  to  oorae  new  phase.  Bie  lines  characteristic  of  the  new  phase  also  exist  on 
the  radiographs  of  alloy  No. 2,  They  appear  only  after  aging,  'are  not  to  be  seen  in  I'm  Jjiti 
quenched  condition.  After  analysis  it  was  found  that  those  lines  may  bo  ascribed  to 
interference  from  the  (411)  plane,  and  thai;  the  computed  parameter  is  4.36  <(,  vjhioh 
is  in  approximato  agreement  with  the  chemoal  compound  FeSi. 

Lines  of  a  body-centered  lattice  are  present  in  the  radiographs  of  hardened  alloys. 
Even  2?  hrs  of  tempering,  the  radiographs  also  show  lines  of  a  faco-esnterod 

■y -lattice,  which  becomedp  eyer— brighter  as  further  tempering  time  passes. 

As  is  evident  from  Tables  5  and  6,  the  lattice  parameters  X'QCSXX  of  all  the 
alloys  pass  through  minima  at  various  times.  If  one  follow  the  course  of  variation 

Table  5 

Variations  in  the  Lattice  Parameter  of  the  Principal  Phase 


a)  Aging  time,  firs;  b)  Lattice  parameter,  KX;  c)  Alloy  No. 4;  d)  Alley  No. 5;  Jij 
e)  Alloy  No. 6;  f)  Alloy  No. 7;  g)  Alloy  No. 8;  h)  Quenched 

Table  6; 

Variation  in  the  Lattice  Parameter  of  the  Separated  KKSK  Phase 


1  I 

a)  Aging  time,  hrs;  b)  Lattifee  parameter,  KX;  c)  Alloy  No. 4;  d)  Alloy  No. 5;  e)  Alloy  No. 8} 


of  the  parameters  of  the  laajor  and  the  separated  phases,  it  will  be  evident  that  i.tj 
course  of  the  variation  of  the  parameters  with  aging  time  is  contradictory,  to  wi;; 
rfi.lucrion  in  the  parameters  of  the  ferrite  lattice  corresponds  to  an  increase  in  tno 
parameter  for  the  austenitic  phase,  and  vice  versa.  This  fact  is  apparently  capa!  i  : 
of  being  explained  by  the  fact  that  the  transfer  of  atoms  of  largo  radius  from  the 
ferritic  to  the  austenitic  phase  occurs  with  the  decomposition  of  the  basic  soliii 
solution.  In  view  of  tne  fact  that  the  smallest  parameter  is  quite  large,  aliwiin',vi, 
niobium,  and  r.irconi tun,  v;hosc  atomic  radii  are  l.U'},  1.47,  Kl  and  1,6  A  respectively, 
wherca.s  the  atomic  radius  of  the  remaining  components  is  1.25  A^may  vorj  well  be  the 
elements  hero  concornon.  Moreover,  the  bulk  of  the  change  Miy  apt'arently  bo  ascribed 
to  the  altaninum  transition. 

Tables  7  .-ind  !?  present  the  mean  valuesof  the  lattice  p.arametors  cf  the  initial 
and  tno  s.- pa '-a  ted  phasosfif  of  alloys  Nos. 9  -  11  after  various  aging  times,  whereas 
Table  9  presents  the  values  of  the  parameters  of  the  initial  phase  of  alloys  No. 12,  13. 

The  radiograptis  of  tempered  alloys  Nos. 9  -  11  indicate  the  jjresonco  of  austenite 
and  ferrico  lines.  In  the  process  of  aging  at  BCX)0,  the  ferrite  lines  disappear,  a 
o-pha.se  separates  out,  a.s  do  certain  other  phases.  The  lattice  parameter  of  the 
initial  solid  .^SiiX  solution  of  austenite  drops  sharply  to  100  hrs,  and  subsequentIjtX 
thereto  it  remains  constant  for  alloys  9-  11.  This  testifies  to  the  stability  of  the 
phase  comjios Itio.n. 

Thi’  lines  of  a  face-centered  lattice  are  present  in  the  radiographs  of  cast 
alloys  lio.s.l?  -  13.  A.s  tempering  proceeds,  the  lattice  parameter  of  the  base  varies, 
this  variation  differing  for  various  alloys.  In  the  case  of  alloy  No. 12  which  contains 
much  carbon,  it  rrnfiu.al]y  diminishes.  This  testified  to  the  fact  that  the  solid  solution 

is  impoverished  in  alloying  carbidc-formihg  elements.  In  alloy  No. 13  ( "carbon-frae") 

] 

10 


amsa 


Table  7 

Variation  in  Lattice  Parameter  ttEXKXKKiOfif  KX  of  Principal  Phase 


a)  alloy  number;  h)  vuenohed;  c)  Aging,  hrs 

Table  8 

Variation  in  Lattice  Parameter  Ji'X  KX  of  Separated  Phase 


a)  Aij.oy  n'unber:  b)  '^''.ienchecl;  o)  Aging,  hrs 
Table  9 


i 

{ 

I 


a)  Alloy  number;  b)  Cast;  c)  Aging,  hrs 

some  increase  in  lattice  parameter  occurs.  One  m.imht  XXStil  assume  that,  in  this  alloy 
reduction  in  the  UCKXXlt  lattice  parameter  proceeds  in  two  opposing  directions:  the  first 
direction,  related  to  the  decomposition  of  the  solid  solution  causes  a  reduction  in  the 
param.eter.  Tiv;  second  direction,  relating  to  the  appearance  of  internal  stresses  is 
duo  to  the  suppression  of  the  dispersed  nuclei  of  an  excess  phase  having  a  greater 
spiecific  volume  than  the  principal  solid  solution. 


13 


Thc:;e  s i luplenontary  lines  obtained  on  the  radiograms  of  alloys  .‘.'os,  12  and  jI 
belonr  to  rarbides  of  ehromium  and  the  a-phase.  It  is  significant  that  the  r-phas 
appears  i'l  various  alloys  under  nonidentical  tempering  conditions,  that  carbon 

accelerates  the  decomposition  process,  and  that  the  lines  for  the  6" -phase  appear  i-i 

,j..  instead  of  12  hrs) 

alloy  12  considerably  sooner  (2  hrs  of  aging  liilftXiQIXiifXKj  than  in  the  case  of  th.; 

•f!arbr>ri— illoy. 
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